Aquatic organisms are often subject to intermittent exposure to pollutants in real ecosystems. This study aimed to compare mercury accumulation and the physiological responses of mussels, Mytilus edulis during continuous and intermittent exposure to the metal. Mussels were treated in a semi-static, triplicated design to either a control (no added Hg) or 50 mg l À 1 Hg as HgCl 2 in continuous (daily) or intermittent (2 day exposure, 2 days in clean seawater alternately) exposure for 14 days. A timedependent increase in Hg accumulation was observed in the continuous exposure, while the intermittent treatment showed step-wise changes in Hg concentrations with the exposure profile, especially in the gills. At the end of the experiment, tissue Hg concentrations were significantly increased in the continuous compared to the intermittent exposure for digestive gland (4 fold), gonad and remaining soft tissue (42 fold), but not for the gill and adductor muscle. There was no observed oxidative damage at the end of the experiment as measured by the thiobarbituric acid reactive substances (TBARS) concentrations in tissues from all treatments. However, total glutathione was significantly decreased in the gill and digestive gland of both the continuous and intermittent exposure by the end of the experiment. The neutral red retention ability of the haemocytes was not affected, but total haemocyte counts were significantly decreased (o 2 fold) in the intermittent compared to the continuous exposure. Histopathological examinations showed less pathology in the gill, but more inflammation in the digestive gland of mussels for the intermittent compared to the continuous exposure. Overall, the results showed that Hg accumulation from intermittent exposure was less than that of the continuous exposure regime, but the sub-lethal responses are sometimes more severe than expected in the former.
a b s t r a c t
Aquatic organisms are often subject to intermittent exposure to pollutants in real ecosystems. This study aimed to compare mercury accumulation and the physiological responses of mussels, Mytilus edulis during continuous and intermittent exposure to the metal. Mussels were treated in a semi-static, triplicated design to either a control (no added Hg) or 50 mg l À 1 Hg as HgCl 2 in continuous (daily) or intermittent (2 day exposure, 2 days in clean seawater alternately) exposure for 14 days. A timedependent increase in Hg accumulation was observed in the continuous exposure, while the intermittent treatment showed step-wise changes in Hg concentrations with the exposure profile, especially in the gills. At the end of the experiment, tissue Hg concentrations were significantly increased in the continuous compared to the intermittent exposure for digestive gland (4 fold), gonad and remaining soft tissue (42 fold), but not for the gill and adductor muscle. There was no observed oxidative damage at the end of the experiment as measured by the thiobarbituric acid reactive substances (TBARS) concentrations in tissues from all treatments. However, total glutathione was significantly decreased in the gill and digestive gland of both the continuous and intermittent exposure by the end of the experiment. The neutral red retention ability of the haemocytes was not affected, but total haemocyte counts were significantly decreased (o 2 fold) in the intermittent compared to the continuous exposure. Histopathological examinations showed less pathology in the gill, but more inflammation in the digestive gland of mussels for the intermittent compared to the continuous exposure. Overall, the results showed that Hg accumulation from intermittent exposure was less than that of the continuous exposure regime, but the sub-lethal responses are sometimes more severe than expected in the former. & 2014 Elsevier Inc. All rights reserved.
Introduction
Aquatic organisms are rarely exposed to steady-state concentrations of environmental pollutants. Instead, intermittent exposure are likely to be the more environmentally relevant form of contamination (reviews: McCahon and Pascoe, 1990; Handy, 1994) . Water quality criteria for intermittent exposure are not routinely determined, but the No Observable Adverse Effect Concentrations (NOECs) derived from continuous exposure data have been used on the assumption that the response of organisms is equal to that in continuous exposure at an equivalent dose (e.g., pesticides, Boxall et al., 2002; metals, Handy, 1994) . However, there are concerns that the NOECs derived from such continuous exposure data may under-or over-estimate toxicity for intermittent pollution events (Hickie et al., 1995) . Although some studies have been conducted with intermittent exposure to metals (e.g., with fishes: Pascoe and Shazili, 1986; Handy, 1992; Chen et al., 2012; and invertebrates: Coleman, 1980; Viarengo et al., 1999; ShuhaimiOthman and Pascoe, 2007; Amachree et al., 2013) , the reports mainly focus on tissue metal accumulation with limited information on biological effects. A recent study from our laboratory showed that Cd accumulation by mussels, Mytilus edulis, was generally greater during continuous exposure than in an intermittent profile; but despite less Cd accumulation in the latter, the intermittent event was just as toxic in terms of sub-lethal biological responses (Amachree et al., 2013 accumulation and the biological responses of organisms to intermittent exposure.
The ecotoxicology and environmental fate of mercury (Hg) has been extensively studied (Boening, 2000; Scheuhammer et al., 2007; Riva-Murray et al., 2011) . Both the natural and anthropogenic releases of Hg into the environment may be intermittent (e.g., with industrial production cycles). While total mercury concentrations may be low in the open ocean (e.g., around 1 ng l À 1 or less, Soerensen et al., 2013) , concentrations of total inorganic mercury within industrial effluents may be much higher (e.g., exceeding 100 ug l À 1 in chloro-alkalia plant wastewater, von Canstein et al., 1999) . In marine systems, coastal sediments may serve as a sink for local mercury inputs emerging from estuaries (Mason and Lawrence, 1999) , with estimated annual load on riverine systems bringing a total Hg load of 414 Mmol yr À 1 into estauries (Mason et al., 2012) . Clearly, aquatic organisms such as the filter-feeding bivalves in these environments will be at risk (Sauvé et al., 2002) . In marine invertebrates, the target organs for inorganic Hg exposures include the gills and digestive gland (Géret et al., 2002; . Previous studies on the sub-lethal effects of mercury in M. edulis have used continuous exposure profiles. Sublethal effects include increased malondialdehyde concentrations in the gill and digestive gland (Géret et al., 2002) , DNA damage in the haemocytes (Tran et al., 2007) , and inflammation pathology . Unlike the continuous exposure studies, sub-lethal effects of Hg during intermittent exposures are lacking in shellfish and have not been documented for M. edulis. In freshwater fish at least, intermittent exposure results in a step-wise increase in the Hg body burden that mirrors the exposure profile, with little or no Hg excretion between pulses (Handy, 1995) . However, it is unclear if this would also occur in marine invertebrates. The aim of the present study was to compare the Hg accumulation pattern of the marine mussel, M. edulis, during sub-lethal intermittent and continuous exposures to HgCl 2 . Similar to our previous study on Cd (Amachree et al., 2013) , a range of physiological effects was measured to identify the relationship between exposure and sublethal toxicity.
Methodology

Mussel collection and acclimation
Blue mussels, M. edulis (length, 4-6 cm), were collected in August, 2011 from Port Quin, a rural area with no industrial input, located on the Atlantic coast of north Cornwall, England, UK. Mussels (stock) were maintained in continuously aerated filtered Plymouth seawater exactly as described in Amachree et al. (2013) . The filtered seawater was tested daily (n ¼14) for pH (pH 301 m, Hanna instruments, Leighton Buzzard, UK); salinity (YSI 63, refractometer, Fleet, UK); dissolved oxygen (Hach Lange LDO-HQ 10 DO metre, Salford, UK); and total ammonia (HI 95715, Hanna Instruments).
Experimental design
The experiment was performed as described by Amachree et al. (2013) . Briefly, 198 mussels (shell length: 51.4 7 0.4 mm; weight: 17.6 7 0.3 g; mean 7 SEM) were randomly selected from the stock mussels and allocated into nine glass tanks acid washed prior to use. Each tank contained 20 l of filtered seawater with 22 mussels. Mussels were not fed 24 h prior to transfer or during exposure. Two mussels per tank were collected for initial (day zero, 24 h after transfer) measurements of total Hg concentrations in the organs, histology and biochemical analysis (see below). The remaining mussels were exposed in triplicate tanks (20 mussels/tank; total of 60 mussels/treatment) using a semi-static exposure regime with 100% water change every 24 h, to either a control (filtered seawater only) or 50 mg l À 1 Hg as HgCl 2 for both continuous and intermittent exposures. The concentration of 50 mg l À 1 Hg as HgCl 2 was selected based on previous experiments in our laboratory where sub-lethal effects occurred during continuous exposure , and also to reflect the mg l À 1 concentrations found in Hg-containing industrial effluents. Dosing was achieved by adding 1 ml of 1 g l À 1 Hg as HgCl 2 stock solution to give a nominal concentration of 50 mg l À 1 . Filtered seawater quality was analysed daily (see above) for water quality. Water samples for total Hg concentration were also collected daily immediately after and before test media renewal. The electrolyte composition of the seawater was also analysed (below).
Haemolymph and tissue collection
On sampling days, mussels were collected from the tanks and first rinsed in clean, filtered seawater to remove excess Hg. Haemolymph and tissues (posterior adductor muscle, digestive gland, gill, gonad and the remaining soft tissues within the valves) were collected for metal accumulation, biochemistry, osmoregulation and histology as described by Amachree et al. (2013) .
Trace metal analysis
Seawater and tissues were analysed for Hg concentration and trace element composition as described elsewhere (Amachree et al., 2013) . Dissected tissues were oven dried, digested in concentrated nitric acid for 2 h at 70 1C, allowed to cool and diluted with Milli-Q water to a final volume of 5 or 20 ml depending on the dried tissue weight r 0.1 g or 40.1 g, respectively. Tissue total Hg and electrolytes (Na þ , 
Total glutathione and thiobarbituric acid reactive substance (TBARS)
Tissues were homogenised in five volumes of ice-cold buffer (20 mmol l À 1 4-(2-hydroxylmethy)piperazine-1-ethane sulphonic acid (HEPES), pH 7.8, containing 300 mmol l À 1 sucrose and 0.1 mmol l À 1 EDTA) as described by Amachree et al. (2013) . Crude homogenates of tissues (adductor muscle, digestive gland, gill and gonad) were centrifuged (Heraeus Biofuge Pico, Thermoscientific, Germany) at 12,300g for 2 min and the supernatants were stored at À 80 1C until required for analysis. Total glutathione (i.e., reduced, GSH, and oxidised, GSSH) was determined based on the Owens and Belcher (1965) cyclo-reduction method as described in Amachree et al. (2013) . The tissue samples, standard and blank were mixed in a 1:1 ratio with 10 mmol l À 1 5,5 0 -dithiobis-2-nitrobenzoic acid, DNTB (Sigma, D8130). Thereafter 40 ml of DTNB-treated samples, standard (20 mmol l À 1 GSH) and blank (Milli-Q water) were run for 5 min at 412 nm in triplicate. The calculated detection limit was 1.19 mmol l À 1 . For a typical 0.1 g of tissue the detection limit equates to 0.12 nmol GSH g À 1 wet weight (ww) tissue. Total glutathione concentration was expressed as nmol g À 1 ww.
The TBARS assay was performed as described in Amachree et al. (2013) , but with a centrifugation step. Forty microlitres of samples, blank and standards were added to Eppendorf tubes already containing 10 ml of 1 mmol l À 1 2,6-di-0-tertbutyl-4-methylphenol. Thereafter, sodium phosphate buffer (pH 7.5), trichloroacetic acid (TCA) and thiobarbituric acid (TBA, Sigma, T5500) were added making a total volume of 315 ml per Eppendorf. The Eppendorf tubes were incubated at 60 1C for 1 h, then allowed to cool and centrifuged at 12,303g for 2 min. Thereafter, 200 ml of the supernatant from each tissue, standards and blanks were transferred into a 96-well plate for spectrophotometry (VERSAmax tuneable micro plate reader, Molecular Devices, USA). The concentration of TBARS was determined from a standard curve (0-150 mmol l À 1 1,1,3,3-tetraethoxy propane), and expressed as TBARS nmol mg À 1 protein.
Histological investigations
Histology was conducted as described in . Tissues including the gills and digestive gland were fixed in formal saline, processed using an automated processor (Leica TP1020 tissue processor, Nussloch, Germany) and then wax blocks were made manually. Transverse sections of 5-8 mm thickness were stained with Mayer's haematoxylin and eosin (H & E). Specimens were examined under an Olympus microscope (Venox-T, AH-2, Japan) and photographed (Olympus, Camedia C-2020 Z). Identification of histological changes on the slides was conducted as previously reported . Briefly, the incidence of gill injuries was manually scored on the filaments from each animal. For the digestive gland, the fractional area of the connective tissue infiltrated by haemocytes were counted using the point counting method: V i ¼ P i /PT, where V i is the volume fraction, P i is the number of points counted and PT is the total number of points on the counting lattice. For epithelium cell height, ten tubules were randomly selected from each section and manually measured. The number of digestive tubules that showed damage such as necrosis was also counted in each section.
Neutral red retention and haemocyte counts
The effect of Hg on the lysosomal integrity of the haemocytes was assessed by the neutral red retention assay based on the ability of viable cells to incorporate and bind the neutral red dye in the lysosomes as described in Amachree et al. (2013) . Absorbance was read at 550 nm in a plate reader (model as above). The ability of the haemocytes to take up and retain neutral red was expressed as optical density per 10 6 cells. Haemocyte counts were performed as described in Amachree et al. (2013) . Whole haemolymph was fixed in an equal volume of Baker's formal calcium and manually counted under an Olympus microscope (CK30-F200, Japan).
Plasma ion and glucose assay
For osmoregulation: Na þ , K þ , and osmotic pressure were measured in the plasma as described in Amachree et al. (2013) . Briefly, 20 ml of plasma was analysed for Na þ and K þ by flame photometry (Sherwood 420 flame photometry, UK) against a 100 mmol l À 1 NaCl and KCl standard. Osmotic pressure was determined in 50 ml of plasma using a freezing point depression osmometer (Gonotec Osmomat 030, Cryoscopic-osmometer, Germany). Plasma glucose was measured based on the Braham and Trinder (1972) glucose oxidase method as described in Amachree et al. (2013) . Absorbance was read at 505 nm (VERSAmax tuneable microplate reader, USA), against standards (0-2 mmol
Calculations and statistical analysis
Statistical analyses were performed on all data using StatGraphics Plus for Windows version 5.1. There were no observed tank effects within treatments throughout the experiment, so data were pooled by treatment and presented as mean 7 standard error of the mean (SEM), for n¼6 mussels/treatment, unless otherwise stated. After descriptive statistics and a variance check (Bartlett's test), data were analysed for treatment and time effects by the two-way analysis of variance (2-way ANOVA). One-way ANOVA was used to test for treatment effect within a time or time effect within a treatment. Significant differences among groups were determined by the Fisher's least square difference (LSD) post hoc test at the 95% confidence limit. Data were transformed (log 10 ) to approximate a normal distribution prior to conducting ANOVA. Where data transformation was not effective, the non-parametric Kruskal-Wallis test was used and significant differences located from the 95% confidence interval on notched box-and-whisker plots, or checked with pair-wise Mann Whitney U tests. In cases where values were below the detection limit for tissue Hg concentration, the detection limit value was used for the statistical analysis. Pearson's correlation coefficient (r) was used to determine the relationship between the accumulation and responses where appropriate, using the raw data points rather than mean values. Note 'ANOVA' in the manuscript represents one-way ANOVA unless otherwise stated.
Results
Water quality during aqueous exposure to mercury
The exposure profiles were confirmed by the measured Hg concentrations in the tanks (Fig. 1) . The background Hg concentration in the control filtered seawater (means, n ¼42, Fig. 1 ) was below the detection limit of the ICP-MS instrument (o0.28 7 0.05 mg l À 1 , n ¼6). The nominal 50 mg l À 1 Hg exposure immediately after renewal of test media was close to the measured total concentration in the tanks and these were (means 7SEM, mg l À 1 )
47.4 70.6 (n ¼42) and 48.1 71.1 (n¼ 21) for the continuous and intermittent exposure, respectively. Immediately before the daily water change mean values were (means 7SEM, mg l À 1 ) 5.8 7 1.7 and 7.1 71.4 for the continuous and intermittent exposure, respectively. This represents 87 per cent and 85 per cent decrease in the total Hg concentration over 24 h during an exposure phase for the continuous and intermittent exposure, respectively. These values are similar to that seen in Tran et al. (2007) . Note in Fig. 1 
Tissue Hg accumulation
Hg exposure to either continuous or intermittent exposures resulted in increased tissue accumulation compared to the controls (ANOVA, p o0.001). For example, at the end of the experiment the Hg concentration in the gill (means 7 SEM, n ¼6, mg g À 1 dry weight, Fig. 2 ) was 1.2 70.7, 1732.2 7132.5 and 1350.87175.8 for control, continuous and intermittent exposure, respectively. Two-way ANOVA showed statistically significant treatment and time interaction (2-way ANOVA, po0.001) for all tissues examined.
In the continuous exposure, a time-dependent curvilinear pattern of accumulation was seen in all tissues examined apart from the adductor muscle up to the end of the experiment (Fig. 2) . The adductor muscle showed a non-statistically significant increasing trend over time in Hg accumulation. Like the continuous exposure, tissues in the intermittent exposure showed a trend of progressively increasing Hg accumulation in all tissues examined apart from the gills. The latter tissue showed a statistically significant step-wise increase in total Hg concentration corresponding with the exposure profile (Fig. 2) .
Hg tissue concentration in the continuous exposure was significantly increased (4 fold) for digestive gland, and 42 fold for gonad as well as the remaining soft tissue, compared to the intermittent treatment (ANOVA, p o0.001). There were no significant differences in the total Hg concentration of the tissues between the continuous and the intermittent exposure for gill and adductor mussel by the end of the experiment (ANOVA, p4 0.001). ) was used to replace all values below detection limit. Error bars are not shown for clarity. The line on the intermittent profile is drawn to emphasise the intermittent phases, it does not imply a gradual change in exposure concentration between dosing within each pulse, as full water changes were done manually in each tank.
Effects of Hg exposure on haemolymph chemistry and ionic regulation
Total haemocyte counts, neutral red retention and plasma glucose assays were performed at the start, middle and the end of the experiment (Table 1) . Hg exposure to either continuous or intermittent exposure resulted in treatment-dependent statistically significant differences in the total haemocyte counts compared to the control (ANOVA, p o0.05) by the end of the experiment. There was an increase of the total haemocyte count in the continuous exposure and a decrease in the intermittent treatment compared to the control (Table 1 ). The neutral red retention ability of the haemocytes was unaffected by Hg exposure (ANOVA, po 0.05, Table 1 ).
Glucose concentrations in the cell-free haemolymph (plasma) were generally low throughout the experiment ( o1 mmol l À 1 )
with no significant treatment-or time-dependent effect (ANOVA, p4 0.05). Likewise, the osmotic pressure and electrolytes were not significantly affected by time or Hg treatments (ANOVA, p4 0.05, Table 1 ). Values range from 1038 to 1099 mosmol kg À 1 , 449-584 and 11-12 mmol l À 1 for osmotic pressure, Na þ and K þ concentrations, respectively, by the end of the experiment and were within the normal range for M. edulis. There were no significant treatment and time interactions with the two-way ANOVA (2-way ANOVA, ) was used to replace all values below detection limit. Different letters within the exposure day indicates a significant treatment effect (ANOVA, p o 0.05). # Indicates a significant time effect within treatment compared to the previous exposure day (ANOVA, p o0.05). þ Represents a significant time effect compared to day zero (day 0, initial mussel stock) (ANOVA, p o0.05).
p 40.05) for total haemocyte counts, neutral red or plasma glucose concentration.
The gill, digestive gland, gonad, remaining soft tissue and adductor muscle were also analysed for major electrolytes (Na þ , 
Effects of Hg exposure on tissue thiobarbituric acid reactive substances (TBARS) and total glutathione concentration
Continuous exposure of M. edulis to Hg resulted in a transient increase in TBARS level on day 6 compared to either the control or intermittent exposure in all tissues examined (ANOVA, p o0.05). The TBARS level in the continuous exposure on day 6 increased by 50, 55, 70 and 43% in gill, digestive gland, gonad and adductor muscle, respectively, compared to the intermittent exposure. However, these differences were lost by the end of the experiment (Fig. 3) .
Tissue total glutathione concentrations were also measured (Fig. 3) . The gonad and adductor muscle tissue supernatants showed a transient increase in total glutathione in the continuous and intermittent exposures on day 6 compared to the control, with the rise being greatest in the continuous regime (Fig. 3) . However, these differences were lost in the adductor muscle and gonad by the end of the experiment (ANOVA, p 40.05, Fig. 3 ). Total glutathione appeared to be depleted from the digestive gland during both Hg exposures compared to the control by the end of the experiment (Fig. 3) , with the continuous exposure treatment showing no detectable glutathione ( o0.12 nmol GSH g À 1 ww tissue). The gill from both continuous and intermittent exposures also showed no detectable glutathione. Preliminary measurements of total glutathione in the gills of Hg-exposed mussels gave rates of change of absorbance that were less than that in the blank, indicating a possible interference from the sample in the measurement. To clarify the nature of this interference, a test was performed on gill tissue from clean mussels that was excised and spiked with Hg. Briefly, gill tissue was collected from three mussels and pooled. Tissue was weighed, divided into two (approximately 0.3 g each) and homogenised in 5 volumes of ice-cold buffer (as above). One half was used as a control (no added Hg) and the other was spiked with Hg. Spiking was achieved by adding 0.3 ml of 1 g l À 1 Hg as HgCl 2 stock solution to give a tissue concentration of 1000 mg Hg g À 1 tissue. Tissues were then centrifuged and supernatants assayed as described above (Section 2.5). The result showed no detectable total glutathione in the spiked gill tissue, but the unspiked control showed 2.60 nmol g À 1 ww, confirming severe interference of Hg with the assay. Statistically significant negative correlations (Pearson's correlation coefficients, r; n ¼37) were found between Hg accumulation and apparent total glutathione concentrations in the gill ( À 0.70, p ¼0.001) and digestive gland ( À 0.36, p ¼ 0.026). Data are means7 SEM, n ¼6 mussels per treatment per exposure day. Different letters within each exposure day indicates significant treatment effect (ANOVA, p o0.05). # indicates significant time effect compared to day 0 (initial mussel stock, ANOVA, p o 0.05). Note, only the total haemocyte data were non-parametric thus Kruskal-Wallis was used. + indicates significant time effect within treatment compared to the previous exposure day (ANOVA, p o 0.05). exposure. The hatched bar at time zero are values for unexposed (initial) mussels at the start of the experiment. Data are means7SEM, nmol mg protein À 1 (TBARS) and nmol g À 1 ww (total glutathione) for n¼ 4À 6 mussel per treatment at each exposure day. Different letters within exposure day indicates significant treatment effect (ANOVA, po0.05). # Indicates significant time effect within treatment compared to the previous exposure day (ANOVA, po0.05).þ represents a significant time effect compared to day zero (day 0, initial mussel stock) (ANOVA, po0.05). ND represents not detected and was below the detection limit of 0.12 mmol g À 1 ww. Note the difference in scale on the y-axis.
No correlation was found in the gonad ( À0.03, p¼ 0.85) and adductor muscle (À 0.09, p ¼0.58).
Histological alterations during Hg exposure
The histology of the gill and the digestive gland at the end of the experiment (day 14) are shown (Fig. 4) . The gill filaments from the controls (6/6 mussels) showed generally normal morphology with intact frontal, laterofrontal and lateral cilia with no evidence of haemocyte infiltration in the long lacuna space, oedema or any other pathology (Fig. 4A) . The gill filaments of mussels from both the continuous and intermittent exposures to Hg showed some gill injuries that were discernible from that of the controls. In the continuous exposure group some mild erosion of the lateral and frontal cilia (6/6 mussels) and desquamation of the gill epithelial cells (3/6 mussels) was observed with evidence of oedema in the epithelium, swelling of the lacuna space, and hyperplasia in the tips of the lamellae. In contrast to the continuous exposure, the intermittent treatment caused more severe erosion of the tips of the secondary lamellae with hyperplasia of the filaments (6/6 mussels, Fig. 4C ). These observations were confirmed by quantitative histology. The percentage of gill filaments showing injuries such as oedema were 0 (not observed), 66 and 0% (not observed) in the control, continuous and intermittent exposures, respectively. The percentage of gill filaments showing hyperplasia were 0 (not observed), 94 and 100% in the control, continuous and intermittent exposures, respectively.
The digestive gland of the control mussels exhibited normal morphology of the digestive tubules and surrounding connective tissue (6/6 mussels). There was also no evidence of loss of cilia in the primary ducts ramifying from the stomach. There was no evidence of haemocyte infiltration into the digestive gland. The epithelial cells of the digestive tubules were generally normal without any loss of architecture (6/6 mussels) (Fig. 4D) . In contrast, there was a treatment-dependent pathology in the digestive gland of both the Hg-exposed groups that was discernible from the controls. Two out of six mussels in the continuous exposure showed digestive tubules with desquamation of the epithelial cells (Fig. 4E) . Only one out of six mussels showed inflammation characterised by haemocyte infiltration; with the animal showing 25% of the proportional area the digestive gland occupied by haemocytes. Lc¼ lateral cilia; Ge ¼Gill epithelial; Hyp ¼Hyperplasia; and Oe ¼ oedema; Scale bar: 50 mm.
All mussels in the intermittent exposure showed inflammation (6/6 mussels examined) characterised by haemocyte infiltration. Two out of six mussels showed granulocytomas characterised by dense aggregations of granulocytes and basophilic cells within the connective tissues (Fig. 4F) . Severe degeneration of the digestive tubules was observed in four out of six mussels. The other two mussels from the treatment also showed epithelial cells in the digestive tubules with loss of architecture. There was no statistically significant difference in epithelial height thickness between the continuous and intermittent exposure. Value were (means 7SEM, n ¼6, mm) 38.3 72.79, 29.2 71.43 and 23.8 73.03 for control, continuous and intermittent, respectively.
Discussion
The present study shows the accumulation pattern and biological responses of M. edulis to equal peak concentrations of Hg as HgCl 2 in continuous compared to intermittent exposure. Overall, the target organs for Hg accumulation were the same in both exposures, but the time courses of Hg accumulation showed some differences between treatments. Notably, the gill demonstrated step-wise increases in Hg concentrations corresponding to the exposure profile in the intermittent group. Overall, the intermittent exposure group showed less Hg accumulation compared to the continuous counterpart. Despite differences in Hg accumulation between the continuous and intermittent groups, some of the biological responses from the exposure were similar by the end of the experiment including haematology (Table 1) . However, there were also transient changes in biochemistry (TBARS, total glutathione) indicating that oxidative stress from Hg exposure was more difficult to manage during the continuous exposure. In contrast, the intermittent exposure generally showed more severe organ pathologies than the continuous exposure regime (e.g., digestive gland).
Aqueous exposure to mercury and tissue accumulation
The results of this study have demonstrated that in a sub-lethal exposure concentration of 50 mg l À 1 Hg as HgCl 2 for up to 14 days, M. edulis can accumulate Hg during aqueous exposure in either continuous or intermittent mode (Fig. 2) . The exposure profiles were confirmed by total Hg concentrations measured directly in the tanks (Fig. 1 ) and the measured peak concentrations during the experiment were as expected (measured, 49 mg l À 1 , nominal 50 mg l À 1 of total Hg). The results (Fig. 2) show that the target organs for Hg accumulation are similar for both continuous and intermittent exposure with the highest concentrations in the gill 4digestive gland 4gonad4remaining soft tissue 4adductor muscle. This observation supports earlier findings in our laboratory, where greater Hg accumulation was found in the gill and digestive gland, than in the adductor muscle after 8 days of continuous exposure to 50 mg l À 1 Hg as HgCl 2 .
The elevated total Hg concentration in the gills compared to the internal organs is consistent with the waterborne route of exposure, and dissolved Hg uptake by mussels is known to be initially via the gills, followed by redistribution to the haemolymph and other organs (Roesijadi et al., 1981) . This notion is also consistent with the temporal lag in Hg accumulation in the internal organs compared to that in the gills in the present study (Fig. 2) . In the continuous exposure regime there was generally a curvilinear rise in total Hg accumulation in each of the internal organs with time, with the fastest rise in the gill tissue. In contrast, the gills of mussels from the intermittent exposure showed a clear step-wise increase in Hg accumulation, corresponding with the exposure profile. This phenomenon has not been previously reported in bivalves, but is known to occur in teleost fishes. Handy (1995) exposed rainbow trout and goldfish to a nominal peak concentration of 3 mg l À 1 of HgCl 2 for 120 h in intermittent compared to continuous mode; and in both species found step-wise increases in gill Hg accumulation corresponding with the exposure profile. The pattern of intermittent Hg accumulation in the gills of M. edulis in the present study is best explained by the slow clearance of Hg from the tissue, relative to the short time (2 days) in clean water between pulses. Information on the clearance of inorganic Hg accumulated in the gill tissue of M. edulis is lacking. However, clearance of Hg from the gill of oysters has been shown. Denton and Burdon-Jones (1981) recorded the biological half-life (t 1/2 ) of Hg in the gill of Saccostres echinata to be in the range of 30-47 days after 30 days exposure to 10 mg l À 1 Hg, depending on the temperature. Similarly, estimates of the whole body elimination half-life for total Hg from fieldcollected mussels are between 53 and 293 days (Riisgård et al., 1985) . It is therefore also unlikely that the internal organs will clear appreciable amounts of Hg in the two days in clean water used in the present study (net excretion was not observed, Fig. 2) . Consequently, for the digestive gland, gonad and remaining soft tissue, the total Hg accumulation by the end of the experiment was higher in the continuous compared to intermittent exposure. On the basis of equivalent dose, with half the exposure time, the mussels from the intermittent profile might be expected (in theory) to contain total Hg concentrations that are 50% lower than their continuous exposure counterparts. At the end of the experiment the difference between the continuous and the intermittent exposures were 74, 52, and 21% for the digestive gland, gonad, and remaining soft tissue, respectively; suggesting that the accumulation hazard is at least broadly consistent with the notion of equivalent dose for the internal organs. However, the gill was more dynamic, and at the end of the exposure the total Hg concentrations were similar between the exposure regimes ( Fig. 2A) . This may relate to the role of the gill in transferring Hg to the internal compartments or, alternatively, it may relate to the gill showing the highest turnover rate of Hg (Denton and BurdonJones, 1981) .
Effects of Hg exposure on haemolymph chemistry and ionic regulation
The immunotoxicity and effects on haemocytes of Hg have previously been reported . Hg causes inflammation which might stimulate the production of circulating haemocytes or migration of circulating haemocytes to the tissues. In the present study, Hg exposure resulted in increased and decreased total haemocytes count during continuous and intermittent exposure, respectively, compared to the control (Table 1 ). The decrease in the intermittent regime might relate to the pathology and haemocyte infiltration in the tissue (e.g., digestive gland). The phenomenon where immunoactive haemocytes migrate into tissue where injury is more likely to occur has also been described in marine bivalves under stress conditions (e.g., Marigómez et al., 1990) .
Neutral red retention by the haemocytes was also measured (Table 1) and is regarded as an indicator of general cell health (Lowe et al., 1995) . There were no effects of Hg exposure on the neutral red retention ability of the haemocytes, indicating they were likely to function. The result is consistent with our previous study , which also reported no treatment effect on neutral red retention in M. edulis after 11 days continuous exposure to 50 mg l À 1 Hg as HgCl 2 , whilst also showing that the cells were capable of infiltrating the digestive gland as part of the normal inflammatory response.
Despite the difference between the Hg accumulation in the continuous and the intermittent exposure, there were no major differences in plasma or tissue electrolyte concentrations. Values for electrolytes in the haemolymph remained in the normal range for M. edulis Potts, 1954) , with no treatmentrelated effects (Table 1) . Tissue electrolytes (Na þ , K þ , Ca 2 þ and Mg 2 þ ) examined in the gill, digestive gland, gonad, remaining soft tissue and adductor muscle did not show any differences between the Hg treatments, suggesting that the osmoregulatory ability of the mussels was not affected by the exposure regime. Plasma glucose concentrations were relatively low in all treatments including the control. This is expected as the mussels were starved throughout the exposure period (see .
Oxidative stress and organ pathology during Hg exposure
Mercury exposure has been shown to cause oxidative damage in mussels (Garron et al., 2005) . In the present study, there were some transient increases in the TBARS levels in the continuous exposure compared to the intermittent exposure or control; which were lost by the end of the experiment (Fig. 3) . This result suggests that the Hg exposure concentration and the duration of the study were not sufficient to cause overt oxidative stress to the mussels. However, at a lower total Hg concentration of 20 mg l À 1 in M. edulis exposed for 21 days, Géret et al. (2002) observed increased malondialdehyde (MDA) concentrations in the gills and digestive gland. Total glutathione was also measured in the gill, digestive gland, gonads and adductor muscle (Fig. 3) . Overall, there was no evidence of glutathione depletion in the adductor muscle or gonad from any treatment by the end of the experiment. However, total glutathione concentrations in the digestive gland (i.e., continuous exposure) and gills of mussels from both Hg exposure regimes were below the detection limit (o 0.12 nmol GSH g À 1 ww tissue) at day 14 (Fig. 3) . There are several possible explanations for this effect: (i) the tissues become leaky during Hg exposure and glutathione is lost from the cell due to membrane damage; (ii) Hg complexes rapidly with reduced GSH making glutathione unavailable to the cell, and in supernatants also unavailable to react in the GSH assay or (iii) Hg directly interferes with the enzyme, glutathione reductase by inhibiting the reduction of GSSH to GSH hence hindering subsequent recycling of the GSH. Some membrane leak is possible given the presence of injury to the gill epithelium in both the continuous and intermittent exposures (Fig. 4) , and the oedema observed suggests some changes in water permeability. However, Hg complexation with reduced GSH seems likely. Hg has a high affinity for sulfhydryl-containing molecules such as GSH, metallothionein, and cysteine (Rabestein et al., 1985) .
In the present study, we therefore interpret at least some of the decline in the total GSH in the gill and digestive gland as a loss of bioavailable GSH. It is also possible that Hg 2 þ ions could inhibit glutathione reductase in the tissue (or in the GSH assay) to prevent the reduction of the GSSH to GSH. Spike tests showed that additions of Hg did cause lower total GSH concentrations, and either of the two latter mechanisms (GSH binding, or glutathione reductase inhibition) might cause this result. In the main experiment, the rate of change of absorbance in treated group (e.g., gills) was less than the blank giving rise to apparent negative glutathione concentrations, which can only be explained if glutathione reductase is inhibited. Interestingly, the glutathione response in the gill was tissue Hg concentration-dependent with an inverse relationship between total GSH and Hg accumulation, regardless of the exposure regime used (Pearson's r¼ À0.7, p¼ 0.001) suggesting a progressive apparent loss of GSH activity or bioavailability. However, in contrast, Canesi et al. (1999) showed no statistically significant effect on total glutathione concentration in the gill and digestive gland of M. galloprovincialis exposed to 0.2 mmol l À 1 (40 mg l À 1 ) Hg as HgCl 2 for up to 7 days. This difference may be due to the lower total Hg concentration, the shorter exposure time, used by Canesi et al. (1999) , although methylmercury exposure did cause decreases in total glutathione concentration in gill and digestive gland (Canesi et al., 1999) . Hg exposure has been shown to result in mild gill injuries such as hyperplasia, cilia erosion . In the present study, gill tissue exposed to either continuous or intermittent modes showed hyperplasia which suggests the mussels were trying to defend themselves and survive in the face of the Hg exposure. Hg exposure to either continuous or intermittent mode resulted in pathology of the digestive gland (Fig. 4) . Both exposure modes showed some inflammation and loss of architecture of the epithelial cells in the digestive tubules; although the injuries were worse in the intermittent exposure compared to the continuous mode. Notably, in the intermittent mode, all the six mussels showed haemocyte infiltration, and granulocytomas (dense aggregation of haemocytes) were seen in two out of the six mussels. The latter was not observed in controls or the continuous exposure to Hg. The biological importance of the granulocytomas in only two mussels is unclear, and it may be chance that these were not observed in the continuous exposure group. Nonetheless, haemocyte infiltrate from HgCl 2 exposure is associated with inflammation and immunotoxicity . The observations here suggest the inflammation due to Hg may be more important in an intermittent profile, especially in the digestive gland.
Conclusion
In conclusion, the equal peak concentrations concept adopted in the present study has demonstrated that Hg accumulation in the intermittent is generally less than the continuous exposure but that in some aspects of physiological responses the intermittent exposure can be more severe than expected. In terms of risk assessment, the findings support the notion that the standard ecotoxicity test may underestimate the toxicity of intermittent exposure to Hg at least for M. edulis. For environmental monitoring programmes, such as Gulfwatch (Chase et al., 2001) , this study shows that some sub-lethal indicators can be correlated with mercury exposure, and therefore may be more useful than incidence of mortality in making management decisions on the protection of the marine environment, as well as giving an organism health context to measurements made on the metal accumulation by mussels.
